Cystic fibrosis is a common genetic disorder characterized by a severe lung inflammation and fibrosis leading to the patient's death. Enhanced angiogenesis in cystic fibrosis (CF) tissue has been suggested, probably caused by the process of inflammation, as similarly described in asthma and chronic bronchitis. The present study demonstrates an intrinsic pro-angiogenic status of cystic fibrosis airway epithelial cells. Microarray experiments showed that CF airway epithelial cells expressed several angiogenic factors such as VEGF-A, VEGF-C, bFGF, and PLGF at higher levels than control cells. These data were confirmed by real-time quantitative PCR and, at the protein level, by ELISA. Conditioned media of these cystic fibrosis cells were able to induce proliferation, migration and sprouting of cultured primary endothelial cells. This report describes for the first time that cystic fibrosis epithelial cells have an intrinsic angiogenic activity. Since excess of angiogenesis is correlated with more severe pulmonary disease, our results could lead to the development of new therapeutic applications.
Cystic fibrosis (CF) is caused by a mutation in the cystic fibrosis transmembrane conductance regulator (CFTR) gene and is the most common life-shortening genetic disorder among caucasians. While different organs are affected in CF patients, chronic lung disease and fibrosis are the most severe clinical manifestations leading to the patient's death [1] . While inflammation is recognized as the driving force leading to fibrosis, increasing evidence also supports the contribution of vascular remodeling in pulmonary fibrosis [2] . Angiogenesis, the formation of new blood vessels from pre-existing ones, is linked to many pathologies characterized by lung inflammation (asthma, chronic obstructive pulmonary disease or idiopathic pulmonary fibrosis) and contributes to maintain a chronic inflammatory state [3, 4] . New vessels facilitate the diapedesis of inflammatory cells and produce a significant source of pro-inflammatory cytokines. Signs of excessive angiogenesis have been already reported in CF patients who develop highly vascularized nasal polyps requiring surgical resection. In addition, angiogenesis-related complications, such as pulmonary hemorrhage and hemoptysis commonly occur in CF patients [5] . In addition, a previous report has shown higher levels of vascular endothelial growth factor (VEGF) in the serum of CF patients than in other pulmonary inflammatory disorders. These higher levels are correlated with a more severe pulmonary disease [6] . The production of VEGF, as well as the induction of angiogenesis, is commonly interpreted as a consequence of the inflammation process.
In this paper, we describe the overproduction of potent pro-angiogenic factors in human epithelial fetal tracheal cells (CF cells), originating from a cystic fibrosis fetus, as compared to control cells. This production is sufficient to stimulate angiogenesis. Our results thus suggest that an intrinsic pro-angiogenic status of CF airway epithelial cells, contributes to enhanced angiogenesis and clinical symptoms.
Materials and methods
Cell culture. Immortalized human fetal tracheal cells (CFT-2, cell line carrying the homozygous mutation DF508, and NT-1, control cell line) were previously characterized [7, 8] . Human umbilical vein endothelial cells (HUVEC) were isolated and cultured as previously described [9] . Only cells from passage 1 to 3 were used for experiments.
Real-time RT-PCR. Real-time PCR was carried out on a TaqMan platform using SYBR Green reagent (Applied Biosystems, Foster city, CA) as described previously [10] . Primers were designed using the Primer Express software (Applied Biosystems). Transcript levels were normalized using the housekeeping gene b 2 -microglobulin.
ELISA. Concentrations of VEGF in NT-1 and CFT-2 supernatants were determined by the 'Quantikine human VEGF' immunoassay according to the manufacturer's recommendations (R&D Systems).
Proliferation assay. HUVECs were seeded at 5000 cells/well in gelatincoated flat-bottomed 96-well tissue culture plates and grown for 3 days in culture medium supplemented with 0.1% FCS and various volume of NT1 or CFT2 supernatant. On the third day, BrdU was added and incorporation was allowed to occur for 18 h. After harvesting the cells, BrdU incorporation was quantified using the Cell Proliferation Biotrak ELISA system (Amersham Biosciences) according to the manufacturer's recommendations.
Migration assay. Migration assays were carried on as previously described [11] . Briefly, HUVEC cultures were grown to confluency in gelatin-coated 24-well tissue culture plates. A cross-shape wound was made by scratching the monolayer with a plastic tip. Wounded monolayers were washed with PBS and incubated with fresh culture medium supplemented with 0.1% FCS and various volume of NT1 or CFT2 supernatant. The wound width was measured microscopically at four different places 0, 2, 4, and 6 h after wounding the culture.
Sprouting assay. HUVEC were suspended in culture medium and seeded on non-adherent plates. The suspended cells integrate into a single spheroid of defined size and cell number. After 24 h of incubation at 37°C, the spheroids were embedded in a collagen gel and treated with the different conditioned media. Quantification was performed by digital imaging and calculating length of the spheroid sprouts after 8 h of incubation with the conditioned media. At least 10 spheroids per group and experiment were analyzed.
Statistical analysis. Data are expressed as mean values ± SEM and were analyzed by a Student's t-test. Differences are considered significant at p 6 0.05.
Results

CF cells differentially express angiogenic genes
Our previous gene expression profile analysis indicated overexpression of several pro-inflammatory molecules in CF epithelial cells compared to control epithelial cells (see Footnote qq). The list of differentially regulated genes between CF and control cells has been further investigated with Ingenuity Systems Pathways (Ingenuity Ò Systems). In addition to genes described to play a role in both inflammation and angiogenesis, such as interleukin-8 (IL-8), this analysis highlighted up-regulation of numerous pro-angiogenic genes in CF cells, namely basic fibroblast growth factor (bFGF), fibroblast growth factor 5, placental growth factor (PGF), platelet-derived growth factor-C, plateletderived growth factor-a polypeptide, angiopoietin 1, VEGF-A, and VEGF-C. In addition, a well-known antiangiogenic gene, namely thrombospondin-1 (THSP1), was found to be down-regulated in CF compared to control cells.
Differential expression of four selected genes was then confirmed by real-time RT-PCR (Fig. 1A) . The expression of genes coding for the pro-angiogenic VEGF-A, VEGF-C, and PLGF was significantly up-regulated in CF cells as compared to control cells (by 1.6-, 1.9-, and 2.0-fold, respectively), while the expression of the anti-angiogenic THSP1 transcript was decreased by about 10-fold in CF cells in comparison to control cells. ELISA tests confirmed a 8-fold higher production of VEGF-A by CF cells, a protein known for its central role in angiogenesis (Fig. 1B) [12] .
Involvement of ERK in pro-angiogenic gene up-regulation in CF cells
In a previous work, we demonstrated a constitutive AP-1 activation in CF epithelial cells. Furthermore, we demonstrated that ERK1/2 signaling contributes to the overexpression of pro-inflammatory genes (see Footnote qq). To determine if ERK1/2 is also involved in the upregulation of the pro-angiogenic genes, CF cells were treated with the specific inhibitor of MEK1 (ERK kinase), U0126. The expression of the three selected up-regulated genes was significantly reduced in the presence of U1026 (Fig. 1C) while down-regulation of THSP1 was not affected (Fig. 1C) . These data suggest that part of the pro-angiogenic status of CF epithelial cells depends on the activation of the ERK1/2 pathway.
CF cells induce proliferation of endothelial cells
Since CF cells express various potent angiogenic factors, we analyzed the pro-angiogenic properties of conditioned media. Conditioned media from CF and control epithelial cells were collected and tested for their ability to induce proliferation of HUVECs. Endothelial cells stimulated with various dilutions of CF cell conditioned media displayed a higher proliferation rate than control cells, as measured by incorporation of BrdU (Fig. 2) .
CF cells induce migration of endothelial cells
The effect of conditioned media on endothelial cell migration was then measured by a wound assay. Migration of endothelial cells into the wounded area was significantly increased in the presence of CF conditioned media as compared to control conditioned media. This effect was already visible as early as 2 h after wounding and was significantly different from the control after 4 and 6 h (Fig. 3A) . In addition, after 6 h, the migration was inhibited by diluting the CF conditioned media (Fig. 3B) , which is indicative of a dose dependent effect.
CF cells induce sprouting of endothelial cells
HUVEC spheroids seeded into a collagen gel in the presence of angiogenic stimuli have the ability to sprout and form three-dimensional capillary-like structures. We investigated the effects of CF cell conditioned media in a collagen-gel-based sprout assay. Fig. 4A-D show representative pictures of spheroids before (A and B) and after an 8 h-treatment with control (A and C) and CF (B and D) conditioned media. A higher percentage of spheroids was found to sprout in the presence of CF than in the presence of control conditioned media (62% vs. 35%). Quantitative assessment of this in vitro angiogenesis assay was achieved by measuring the size of the capillary sprouts out of the spheroids. The cumulative sprout length was found to be significantly increased for the spheroids treated with CF cell conditioned media (Fig. 4E) .
Discussion
Although angiogenesis has been associated with cystic fibrosis, the literature on this subject is really sparse. The only available data described an excess of angiogenesis in CF polyps and elevated levels of VEGF in the serum of cystic fibrosis patients [5, 6] . Angiogenesis and vascular remodeling are key elements participating in tissue remodeling in various chronic airway inflammatory diseases such as asthma and chronic bronchitis [4, 13] . Such alterations in the microvasculature largely contribute to the pathophysiology of chronic inflammatory airway diseases. The origin of angiogenesis in the lung of CF patients is controversial. It was generally considered that the abnormal mucus favors infections and lung colonization by bacteria, which in turn leads to a chronic inflammation and subsequent angiogenesis [14, 15] . However, several recent findings from our and other groups suggest that some degree of inflammation could be observed in CF cells or lungs even before any infection [16] [17] [18] [19] . Our results newly show that human epithelial fetal tracheal cells carrying the homozygous CFTR mutation DF508 display a pro-angiogenic state compared to control epithelial cells. This pro-angiogenic state is characterized by the increased production of VEGF-A but also by the upregulation of at least 10 genes encoding different pro-angiogenic factors such as VEGF-C, PLGF, ANG1, and bFGF. In addition, we observed a downregulation of at least one angiostatic agent, namely thrombospondin-1. These results underline that VEGF is not the only factor involved in the excess of angiogenesis in cystic fibrosis. CF conditioned media were found to induce several angiogenic function of primary endothelial cells such as proliferation, migration and sprouting. These data suggest that CF epithelial cells could efficiently induce angiogenesis.
Along with the angiogenic process, microvascular remodeling is known to be a key feature of inflammatory diseases [13] . This process involves structural alterations, usually enlargement of arterioles, capillaries or venules. In addition, these remodeled blood vessels have abnormalities in endothelial barrier function and are leaky. The role of the angiopoietin family members has been demonstrated in the vascular remodeling process occurring in asthma and chronic bronchitis [20, 21] . Similarly, we found that CF epithelial cells express more Ang1 and angiopoietin like-2 than control epithelial cells. These results raise the possibility that CF epithelial cells could initiate or increase the inflammation-related vascular remodeling in CF patients.
Although there is still a debate about a pre-existing proinflammatory state in CF epithelial cells, our group and others have demonstrated constitutive activation of two important transcription factors that play central role in the onset and persistence of an inflammatory process: NF-jB and AP-1 [16, [22] [23] [24] [25] [26] . Furthermore, we have shown a role for the ERK1/2 signaling pathway in pro-inflammatory gene expression in CF cells (see Footnote qq). In this study, using the NF-jB inhibitor BAY 11-7085 and the specific inhibitor of MEK1 (ERK kinase), we highlighted that ERK1/2 pathway, but not the NF-jB pathway (data not shown), was involved in the expression of pro-angiogenic genes.
In conclusion, this study reports the ability of CF epithelial cells to intrinsically promote angiogenesis via the expression of angiogenic factors. Overexpression of different pro-angiogenic molecules by CF epithelial cells could contribute to the alterations of the microvasculature by increasing angiogenesis but also by inducing microvascular remodeling. Since angiogenesis is correlated with more severe pulmonary diseases, therapies based on angiostatic agents could therefore be efficient to reduce this phenomenon and to decrease the severity of the CF pathology.
